The possibility of recycling and the favorable mechanical properties of the products have encouraged the study and production of thermoplastic composites from natural fibrous waste. Açaí (cabbage palm) fiber, which is removed from the seed, has been slightly investigated, as compared to what is already known about the fruit pulp. In this study, the influence of açaí fiber as an element of reinforcement in recycled everyday usage thermoplastics using simple, low cost methodology was evaluated. Recycled matrixes of high impact polystyrene and polypropylene were molded by hot compression from which the fiber composites were obtained. The FTIR technique showed that the process was efficient in preventing degradation of the açaí fibers. The influence of the fiber on the mechanical behavior of the recycled matrixes was investigated by microscopic images of compression and impact tests. The results showed better impact performance for the fiber combined with the polymeric matrixes.
Introduction
The trend to add value to products and that are environmentally friend has encouraged transformation industries to work with waste recovery. Discarded post-consumer plastics are generally considered a problem due to the damage they cause to the environment. Most come from disposable food packages, which, after being discarded in landfills, pile up and increase the volume of waste and the visual pollution [1] [2] [3] . In 2007 the use of polymeric resins in packages accounted for 14. 5% of the Brazilian market of processed plastics, consuming 25% of the polypropylene (PP) and 7% of the polystyrene (PS) produced in Brazil 4 . One of the alternatives to reduce the amount of material currently treated as urban solid waste is to recycle it 5 . The traditional process for producing thermoplastic materials is the mechanical one 6 , involving the use of relatively simple equipments.
Recycling plastic waste with vegetable fibers, plentiful in the Amazon region, would increase its value, and this process has aroused interest in studying the production and application of such composites 7 . In general, vegetable fibers, when adequately combined with polymers, can provide better flexibility and improve mechanical resistance and toughness [8] [9] [10] . However composites reinforced with natural fibers tend to show low mechanical resistance due to poor interfacial adhesion caused by the low chemical interaction of the fibers 11 . Açaí (Euterpe oleracea, Mart.) is a plant originating from the Amazon region. The pulp is highly consumed 12 and the waste is removed from the nut. The fruit of this palm tree shows the potential for consumption as a new product throughout the world, inserting itself in market niches for functional and nutraceutical products 13 . Due to the extensive consumption of the fruit, much research has been carried out on the pulp, but almost none on the waste 14 . According to Rogez 15 , in Belém, the capital of the State of Pará, the largest producer and consumer of açaí in Brazil, the açaí pulp trade produces about 300 t of organic waste per day. In the Amazon region in general, most of this waste consists of seeds, which are thrown into the streets and into landfills with no treatment, and just a small portion is used as organic fertilizer or in local handcrafts. Reis et al. 14 carried out a study on the potential of using açaí seeds for the production of briquettes, and also suggested the use of the nuts as an energy source for the State of Pará, taking into account factors such as their calorific power and the easy acquisition of this waste. For use in the development of new materials, the study of seed fiber is still recent. The results regarding the thermal behavior, for instance, show there are similarities between coconut seed and sisal fibers, with satisfactory thermal stability at 230 °C 16 . The fiber exhibited good adhesion in cementitious matrixes, and the composites demonstrating the best mechanical properties were those containing lower contents (0.3%) of in nature fiber, since the fiber content increased water absorption and apparent porosity 17 . This study investigated the influence of fiber as an element of reinforcement for post consumption package materials, using simplified and low cost methodology.
Experimental

Materials
For the production of the composites, post-consumer packages were used as well as the waste from açaí pulp processing, high impact polystyrene cups (HIPS) and PP bottles were obtained from schools and universities in the city of Belém-Brazil. The company Amazon Dry Ltda in Belém-Brazil provided the fibers, which had already been mechanically extracted from the seed.
Methods
Preparation of fiber mats from the seeds
Açaí fibers are naturally short and were used as they were received, with no chemical or physical treatment.
To facilitate random scattering in the polymeric matrix, the fibers were previously collected in molds, forming mats, which were dried in an incubator at 70 °C for half an hour.
Production of recycled materials
The urban waste was submitted to basic mechanical recycling treatments such as: collection, cleaning, grinding, washing and drying.
The HIPS and PP were molded by hot compression according to ASTM D 695-08, obtaining recycled matrixes in the shape of flat panel, shaped on a galvanized steel mold consisted of three-plate frame. The external dimensions of the plates were 200 × 150 × 6 mm and the internal ones were 180 × 130 × 6 mm. The HIPS and PP fragments were placed individually between the plates, pressed in a hand press at 1.26 MPa and heated in a domestic electric oven up to softening of the PP (148 °C) and HIPS (147 °C). A thermoelectric sensor was inserted into the center of the material to control the temperature. Cooling was produced by forced air convection at room temperature, and the pressure was maintained until the material had cooled to room temperature. The composites were formed using the same process of mechanical matrix conformation and under the same pressure; however, alternate layers of recycled blades and açaí fiber mats were placed inside the mold and heated at 206 °C for the composite with PP and at 167 °C for HIPS. The materials produced by this process were composites consisting of polypropylene with açaí fibers (PPA) and of high impact polystyrene with açaí fibers (HIPSA), both with 11% of fiber (mass/mass). In order to compare the results, recycled polypropylene (PP) and high impact polystyrene (HIPS) materials were produced without the addition of fiber.
Mechanical tests
The following tests were carried out according to ASTM standards: tensile strength (ASTM D 638-90), tensile compression (ASTM D 695-90) and tensile impact (ASTM D 256-90b), as well as standardization of the proofs of PP, PPA, HIPS and HIPSA taken from the molded plates. In all these tests the composites, consisting of alternating layers of fiber and polymer, were tested as a flat isostrain configuration so that the tension applied would provoke a uniform strain on every layer of the composites 18 . The tensile strength test was carried out up to material rupture using a NTS apparatus with a strain rate of 1 mm/min. The compressive strength was determined using the simple axial compression test with an EMIC machine with load cell of 500 N. For impact strength, an impact test machine (Charpy ® GUNT HAMBURG WP 410) equipped with a 300 Nm pendulum was used with notched samples.
Spectroscopy
The Fourier Transformed Infrared (FTIR) technique was used to quantitatively assess possible degradation in the reprocessed polymers. HIPS and PP samples after recycling, and samples of the composites, were prepared using the pressed disk technique 19 and characterized in a Perkin Elmer ® 1760X FTIR Fourier transformed infrared spectrometer. The spectra were analyzed per unit of transmittance using 4 scans at intervals of 2 cm -1 , ranging from a band at 4000 to 400 cm -1 , obtained from the absorption intensities of the molecule bands expressed in percent transmittance.
Scanning electron microscopy (SEM)
The interface between the fiber and the matrix in the ruptured region was investigated, but only the impact and compression proofs obtained using LEO, a model 1450 VP scanning electronic microscope, were evaluated at an accelerating voltage of 10 kV. The magnification level was studied at 300X. After the tests, the notched samples were sectioned below the rupture surface, fixed on metal supports and coated with gold so that they would turn into conductors 19 .
Results and Discussion
Evaluating the molding process
The materials showed a satisfactory molding level since they maintained the shape of the mold when submitted to the polymer fusion temperature. The samples of HIPS, PP and PPA were flat with no signs of deterioration, and apparently with no major defects such as bubbles or voids, although the HIPSA composites showed small cavities throughout the material.
To analyze the influence of fiber on the recycled products, variations in the spectra were compared by observing the behavior of the peaks. In the spectrum of the recycled PP and reinforced PP (Figure 1) , the presence of nitrogen-containing groups can be seen at 1645 and 1378 cm -1 and halogen-containing groups at 1455 and 564 cm -1 , suggesting the presence of additives. Furthermore, there was strong interaction between the fiber and the recycled product at the peaks shown at 1645 and at 1043 cm -1 , related to oxygen-containing groups, probably due to hydrogen bonds or a possible polymer degradation. In order to minimize polymer oxidation during the processing the temperature can be reduced but the molding pressure has to be increased.
The FTIR technique showed a good state of preservation of the discarded, recycled polymer during processing, with no significant changes in the polymer spectra after recycling when compared with the spectra of commercial resins 20 . The spectra of the reinforced and non-reinforced HIPS presented almost identical absorption bands ( Figure 2 ) and there was no evidence of strong interaction with the recycled fiber. The minimum peak at 1601 cm -1 was probably due to the occurrence of amines and amides. Preservation of the polymer characteristics after reprocessing can be explained by the short-time consumption during packaging and by the thermal processing, which was not aggressive to the materials. A study of snack-bar disposables, for example, showed that the original features of post-consumer polystyrene cups were much better preserved than other plastics present in urban waste, due to the small post-cycle consumption time and reduced influence of weather or any other variants 1 . With respect to the way the samples were obtained, it can be seen that the temperature range of 147-167 °C was sufficient to wet the fiber in the matrix and did not exceed the degradation temperature of the açaí fiber, which is around 230 °C 16 . The hot molding process has the advantage of reducing the possibility of plant fiber degradation, providing the fibers are only subjected to one temperature cycle during the composite molding process 23 . In the spectrum of the recycled PP, no carbonyl groups were found in the absorption range from (1750 to 1700 cm -1 ). Absorption of oxygen-containing substances was observed at 1645 and 1043 cm -1 , probably related to amine and alcohol groups, respectively. The incidence of hydroperoxides was lower than commonly formed during the use of virgin resin without additive. The expected decomposition of hydroperoxides in the recycled waste may have been avoided by the presence of residual additives from the processing of the virgin resin.
Generally polymer degradation results in the formation of free radicals that can lead to branches, crosslinks and/or chain scission due to the reaction with atmospheric oxygen 21 . Also in a study on PP reprocessed after use 22 carbonyl absorption (1712, 1750 and 1775 cm 
Mechanical characteristics of the composites
The recycled polymers showed lower tensile strength at rupture when combined with fiber. The values for tensile strength at rupture of the PP (22.27 ± 0.73 MPa) and HIPS (12.75 ± 0.78 MPa) composites did not surpass the values of the recycled polymers without fiber.
Reports in the literature show that, in general, the tensile strength of pure PP is higher than that of PP containing natural fibers, except when coupling agents that improve interfacial adhesion and consequently, the tensile mechanical results, are used [24] [25] [26] . In the present study, the results of the tensile test with the HIPS/açaí fiber composites were in agreement with similar work carried out with HIPS/sisal fibers produced using a similar process, in which the tensile strength at rupture decreased from 21.66 to 11.41 MPa when combined with short sisal fibers at 20% by volume. This behavior was attributed to weak interfacial adhesion due to the difference in polarity between the constituents of the composite, and also due to the restriction to matrix flow, imposed by the sisal fiber 27 . The results of the compression test also showed that the fiber did not improve the strength of the recycled polymers. The average values for the compressive strength of the PP and HIPS were 39.74 ± 8.55 and 42.88 ± 7.61 MPa, respectively. From the SEM images, it can be seen that adherence of the fibrous layers to the recycled material was not sufficient to avoid the occurrence of delamination and fiber displacement, which were both favored by the longitudinal organization of the layers in relation to the tensile application. This behavior was more frequent in the HIPS composites.
The image in Figure 3 shows details of the weak interfacial adhesion between the matrix of HIPS and the fiber, which consequently resulted in low compression resistance of the tested composite.
In the impact test, the seed fiber increased the resistance of the recycled polymers by about 44% for PP and 12% for HIPS. Such increase of impact resistance was also observed in a study using PP reinforced with chemically treated short sisal fibers 28 . Taking into consideration that the chemical treatment of the fiber reduces its hydrophilic nature and thus favors adhesion with the hydrophobic matrix 29 , the use of this fiber proved to be more advantageous since it does not demand chemical or physical treatment of the fiber surface to allow for adhesion.
The images obtained by SEM showed the fracture, starting and fiber displacement mechanisms of the açaí fiber, showing higher incidences of interfacial adhesion between the constituents of the PPA composites. In some of these areas, the açaí fibers had been pulled out, leaving globular vestiges in the matrix (Figure 4 ). This behavior indicates strong interactions between the globular particles on the surface of the fiber and the polymeric matrix. On the other hand, removing these globular vestiges would cause greater exposure of the fibrils and globular particles, providing a larger contact adhesion area for the matrix and promoting tensile transfer. An alternative way of removing the globular vestiges would be treatment of the surface with heated water and agitation, promoting greater roughness of the fiber without removing its internal components, such as lignin and hemicelluloses 30 , since removal of the latter components could compromise adhesion and mechanical behavior 10 . Figure 5 shows the results of mechanical test for the polymeric materials with and without açaí fiber. It can be observed that the tensile strength and the compression resistance of the polymers decrease when the açaí fiber was used, however the impact resistance for both polymer increased and mainly for the composite containing PP. The better impact performance of the PPA was probably because of the higher interfacial adhesion between the fiber and this polymer as already discussed.
Conclusions
Hot compression molding proved to be a good alternative for the reprocessing of PP and HIPS used packages to obtain composites with açaí fiber. The tested process condition was sufficient to produce the composite without fiber degradation. It was concluded that the fiber increased the impact resistance of both polymer. Such result represents a new alternative for the reinforcement of thermoplastic material with açaí fiber for the production of composites. 
